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The logarithmic function on the left hand side of equation (14) 
(which is also the ordinate for the correlation curve of fig. 8 ) is ap- 
plicable to the internal heat- transfer process in which the gas is in 
equilibrium and the specific heat is essentia ll y constant. However, if 
the specific heat of the gas changes appreciably during the process of 
cooling in the probe, it is. necessary to treat the process on the basis 
of enthalpy differences instead of temperature differences. Such is the 
case, for example, when the measurement is made in a dissociated gas. 

If the enthalpy of the gas at station 2 can be determined from 
knowledge of its composition and temperature, and if the enthalpy of the 
gas at wall temperature T^ is constant along the tube wall, the terms 
in the logarithmic function can be replaced by enthalpy terms so that 
the correlation function becomes 



where 

Hq stagnation enthalpy 

H 2 enthalpy of the gas at temperature Tg 

Hty enthalpy of the gas at tube wall temperature Ty 

Thus the instrument is used to determine total stream enthalpy, and 
the total temperature may then be determined from enthalpy tables. 

The relation between enthalpy and temperature for various gases in 
equilibrium is given in reference 6 and, in addition, references 8 , 9, 
and 10 . 

8 . Huff, Vearl N. , Gordon, Sanford, and Morrell, Virginia E. : General 

Method and Thermodynamic Tables for Computation of Equilibrium Com- 
position and Temperature of Chemical Reactions. NACA Rep. 1037, 
1951. (Supersedes NACA TN's 2113 and 2161.) 
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9. Hall, Eldon W. , and Weber, Richard J. : Tables and Charts for Thermo- 

dynamic Calculations Involving Air and Fuels Containing Boron, Car- 
bon, Hydrogen, and Oxygen. NACA RM E56B27, 1956. 

10. Moeckel, W. E., and Weston, Kenneth C. : Composition and Thermodynamic 

Properties of Air in Chemical Equilibrium. MCA TN 4265, 1950. 
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A COOLED-GAS PYROMETER PCR USE IN HIGH-TEMPERATURE GAS STREAMS 
By Lloyd N. Krause, Robert G. John Ron, and George E. Glstwe 


SUMMARY 

An Immersion- type pyrometer is described that ut iliz es the con- 
trolled cooling of a continuously aspirated a ample of the gas whose tem- 
perature is to be measured. The gas Is cooled as it is drawn through 
a tube, after which its temperature is measured with a thermocouple. 
Free-stream total temperature is then obtained by a relation Involvin g 
internal heat transfer in the tube, gas properties, and certain readily 
measured temperatures and pressures. A technique is described whereby 
calibration constants obtained in air at near room total temperature are 
used to compute the high-temperature correlations for other gases with 
known property values . 

Experimental comparison in a high -temperature gas stream with ther- 
mocouple probes and with a pneumatic-probe pyrometer showed agreement 
within 2 percent of total temperature in the range 2000° to 4000° R. 


INTRODUCTION 

Thermocouple probes are the most common immer s ion- type sensing 
elements used to measure the temperature of high-velocity gases. Hie 
selection of the proper thermocouple design for a given application pri- 
marily involves compromises between accuracy and structural considera- 
tions. As the temperature and velocity of the gas stream are increased, 
it becomes more difficult to meet the requirements of measurements with 
thermocouple probes. In fact, many applications exceed the limits of 
thermocouple designs, even where deliberate use is made of controlled 
cooling of the thermocouple Junction (refs. 1 and. 2). Therefore, a 
definite need exists for other types of immersion pyrometers. Two ex- 
amples of such types are the pneumatic probe (refs. 3 and 4) and the 
cooled- tube pyrometer (ref. 2). 

The cooled-gas pyrometer reported herein introduces another approach; 
namely, the control led cooling of the gas before t aking a temperature 
measurement with a thermocouple. This Is accomplished by drawing the 
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hot gas through a tube with cooled walls. The loss in energy of the gets 
Is reflected by a drop in gas temperature. _The amount that the temper- 
ature drops is a function of the flow within the tube, gas properties, 
tube geometry, and tube wall temperature . Therefore, if the temperature 
of the gas is measured after it has been cooled, and the gas temperature 
drop can be calculated, then the free-stream gas total temperature can 
be determined. 

This report presents the theory of the cooled- gas pyrometer along 
with experimental result s obtained in both room- and high- temperature 
gas streams. Room- temperature correlations were made in a total- 
pressure range from 0.1 to 2.5 atmospheres. High- temperature measure- 
ments ranged from. 2000° to 4000° R with total pressure from 0.8 to 1.5 
atmospheres. All measurements were at subsonic stream Mach numbers. 

This work is part of the research program in high-temperature measure- 
ments being conducted at the MCA Lewis laboratory. 


THEORY 

Convective Heat Transfer in a Tube 

Consider an element of length of a tube as shown in the following 
sketch : 

H I— 3 * 



Since the heat lost by the gas is equal to the heat transferred to 
the wall, 

h(T b - ogax = - 2 GCpdTb (1) 

If (T^ - Ty.) is represented by the expression K(T - T^) , where K and 
T^. are assumed constant, then dT^ = K dT, and equation (l) can be 
stated as follows : 
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D ^ " &t(T 


( 2 ) 


It will be assumed that, aver a limited Reynolds number range, the 
Stanton number can be expressed as follows : 


St 


Be^Pr* 


■(W'e) 


(3) 


The viscosity In Re^ Is based on film temperature T f , which Is de- 
fined as (T + T |r )/2. The Prandtl number Is assumed to be constant over 

the film-temjjerature range within the tube. Since both the cross- 
sectional area of the tube and the mass-flow rate vlthln the tube are 
constant, the Reynolds number within the tube varies only because of 


the viscosity* 
pressed as 


The Reynolds number Re^ vlthln the tube can be ex- 


Ref 


Re r 




(4) 


The 


where the subscript c refers to the location of the thermocouple 

factor f ^Re f ,^ In equation (3) la Introduced to account for deviations 

In the Stanton number because of undeveloped flow near the tube entrance 
and the effect of tube curvature. 


It will be assumed that 

f 




(s) 


and If equations (5) , (4) , and (5) are substituted In equation (2) , the 
result la 


Re a Pr b 

c 


•M)tt 


_dT 


© CI 'V 


( 6 ) 


Since 


T = T_ 




at 

at 


x = 0 
x - l 
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end assuming 



the integral form of equation (6) becomes 



with = a - e where | e | is much smaller than | a | . Since the Prandtl 

number varies only slightly for moat gases, it is difficult to estab- 
lish the power of the Prandtl number in equation (7) by any calibration 
technique. Reference 5 in a similar situation suggests a value of 2/3 
for b. Eiis value of b will be assumed for this investigation. 

In equation (7) it will be assumed that over the ra n ge of temper- 
atures involved, the viscosity M- can be expressed as 



cffl + C 


( 8 ) 


where Uj. is an arbitrary reference viscosity that is chosen as the 
viscosity of air at 1000° R. Figure 1 gives the value of a, for var- 
ious gases for a range of values of a^ over a temperature range from 

800° to 2300° R. The maximum absolute error in the value of (|i/|i r ) a l 
betweeruthat tabulated in reference 6 and jthat calculated by the pre- 
ceding equation is 3 percent. .... 

0*1 

The use of this relation to evaluate J[pj/p c ) in equation (7) 
yields 
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The solution of equation (9) is 
-*r\ 0 


In 




Re, 


% r 2/3 


+ ln(l + | ) « ■ 


Re. 


V 2 / 3 


+ 6 


where the approximation assumes | g [ much less than 1, and 

\ a£(e+ - 1) - (l- \ op) (e* 0 ^ - 1) 
e**(l - I op) - \ o0e+ 

- T e 


I = 


t = 


C 

Re„ 1 Pr 2 / 3 


( 10 ) 


Application of Theory to Probe Design 

The term 5 in equation (lO) accounts for the effects of the varia- 
tion in gas viscosity along the tube for the case Tq » T^. This term 

can be controlled to some extent by probe design, because its magnitude 
is influenced by geometry. It can also be seen that, for the case where 
T 0 approaches T„., the viscosity variation is negligible and g becomes 
zero. In any case § may be treated as a correction factor, and the 
general correlation parameters are related by 



Figure 2 is a schematic diagram of a cooled-gas pyrometer. The gas 
is drawn into the probe at station 1 and is cooled while passing thro ugh 
the inside tube whose wall temperature is essenti ally constant. At sta- 
tion 2 the gas has been cooled sufficiently to obtain a measurement of 
temperature (Tg) with a thermocouple located in the center of the tube. 

A tapered body is attached to the thermocouple shaft and acts as a flow 
nozzle whose minimum area is the flow passage between the body and the 
tube wall at station 3. The pressure downstream of this section (meas- 
ured by pressure tap p^) must be sufficiently low to maintain critical 
flow through the nozzle. 
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The correlation equation shown that It Is necessary to evaluate 
Reynolds number Re c In the tube and gas temperature T c at a measur- 
ing station x-i. Station 2 (fig. 2) represents this measuring sta- 
tion In the probe. The Reynolds number can be expressed as 


Re 


2 


4m 

*V2 


( 12 ) 


where D 2 Is the Inside diameter of the Inner tube, u 2 is the viscos- 
ity of gas at Tg, and m Is the mas b- flow rate of the gas In the tube. 


The mass-flow rate m Is determined by the following relation for 
critical flow -through a nozzle: 


m 


c dA5 p 2 



( 1 !) 


where T and H are evaluated at temperature T 2 , and A 3 Is the min- 
imum flow area of the nozzle. 

For the sake of simplifying the Reynolds number correlation. It can 
be assumed that the total-pressure drop In the tube la small. (P 2 *' P Q ) , 

and evaluation of Is not necessary since Is in turn a function 
of Reynolds number. With those simplifying assumptions, and combining 
equations (ll), (12), and (12), the "working" equation of the probe 
becomes 



where 

f(M,r) » 

(see nomogram, fig. 3) with ^ the arbitrary reference viscosity, taken 
as viscosity of air at 1000° R, and with Pr, u^>, M, and T evaluated at 
* 2 * 

For a given probe design, the constant and the quantity a^ may be 
evaluated by calibrating the probe with air at near room temperature If 
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a sufficient difference exists between Tg and. 1^.. %«> measured quan- 

tities would be Iq, 0^., T 2 , and P Q . 



value of b^l and tiie Intercept will be the term (C * Pr -2 / 3 ). The con- 


stant Is then calculated with knowledge of the value of Pr at tenper- 
ature Tg- After and the constant are determined for a given probe., 
the probe can then be used for high- temperature measurements of other 
gases If the gas property values are known. 


Strictly speaking, equation (14) cannot be applied to hlgh- 
tenperature operation (T^ » T^) with, the same degree of rigor as it 

applies to the ambient calibration (Tq 0^) . One of the differences 
existing between the two eases has been previously discussed - namely, 
the variation of viscosity along the tube when (Iq >> J thlB varia- 
tion Is accounted for by the g term In equation (ID). 

The correction term g la defined In equation (10) and Includes 
a factor a which Is defined In equation (8) and evaluated for certain 
gases in figure 1. For a probe application, 



The correction term g la presented as a function of a, 8, and if In 
figure 4. 


Other factors that have not been explicitly Included In equation 
(14) and that will introduce deviations for the case (Tq » T^.) are: 

(l) Critical -flow area of the nozzle A^ will decrease as the ta- 
pered insert is heated. 
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(2) The T 2 term on the right side of equation (14) will deviate 
fro m gas hulk temperature because of a temperature profile. 

(3) The Indicated, temperature T 2 vlll be lev because of a radia- 
tion error. 

(4) The viscosity m^> will not be equal to n c because of the 
error In T 2 . 

However, for the probe design herein reported and for the range of tests, 
these factors were of small magnitude or of a cancelling nature, so that 
equation (14) represented a good approximation . Furthermore, these de- 
viations are often insignificant compared to^ the uncertainties In the 
knowledge of gas properties for high- temperature application. 

Appendix B presents an analysis of these deviations and Includes 
terms that can be applied to equation (14) to correct for them, and a 
sample calculation Is presented In appendix C. 


APPARATUS 

A detailed drawing of the cooled-gas pyrometer Is shown in figure 
5. The pyrometer consists of three concentric tubes, the largest tube 
having an outside diameter of l/2 Inch. The hot gas passes through the 
l/4- Inch tube; coding water passes through _the two annul 1. Inlet water 
Is passed next to the l/ 4- Inch tube to minimize the effect of external 
heat received by the outside tube. Spacing .rods, shown In section A-A, 
are located In the annuli to ensure uniform cross sections in the region 
of the bend. The inlet nozzle is machined from Inconel hell arc - 

velded in place; The thermocouple insert head centers the Junction as 
well as serving as a flow nozzle. The critical-flow section Is a square 
Inscribed In a circle , chosen, because of the ease In contr olling dimen- 
sions. A pressure tap located downstream of .the thermocouple monitors 
the pressure at the downstream, aide of the critical-flow section and 
also acts as a total-pressure tap when the aspiration 1 b shut off. Three 
probes were built and tested to determine the reproducibility of this 
design. 

High-temperature evaluation teats were performed In the high- 
temperature water-coded tunnel described In reference 2. Two types of 
thermocouple probes end one pneumatic temperature probe were used as 
comparison Instruments . One probe type vasa bare-wire, crossflov, 
platinum- rhodium r platinum thermocouple with a water-coded support. 
Radiation, conduction, and recovery corrections were applied to this 
configuration by using methods and values from references listed in the 
bibliography of reference 2. 'The. other thermocouple probe was a sonic - 
aspirated platinum- rhodlua - platinum type as described In reference 7. 
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The pneumatic probe was primarily of importance in obtai ning total 
temperature in the range beyond that of the thermocouples. It vas used 
exclusively in the range from 3600° to 4000° R. This probe utilized the 
design and operation criteria and methods of c output at ion presented in 
reference 4. 

In operating ranges where all three comparison probes could be used 
to obtain total temperature , agreement to within 1.5 percent of the mean 
temperature of the three instruments was obtained. 

To determine the constants in the working equation (eq. (14 ) ) , room- 
temperature tests were performed in a 2-- inch- diameter variable-density 

tunnel. Because of the relatively small differences between total, in- 
dicated, and water-coolant temperatures in the room-temperature tests, 
differential temperature measurements instead of absolute measurements 
were made. The temperature- difference terms (Tq - T^) and (Tg - T^) 
appearing in the temperature correlation were thus obtained directly. 


PROCEDURE AND RESULTS 
Preliminary Tests 

In the process of developing the cooled- gas pyrometer, several pre- 
liminary tests were performed to verify assumptions and to find the 
effects of varying design and operational factors. These tests and the 
results obtained are discussed in this section. 

Axial location of thermocouple . - Considerations of the relation 
between Tg and gas properties indicated that it is desirable that Tg 
be large, so that the uncertainty in knowledge of property values be- 
comes less important. However, at large values of Tg, radiation errors 

associated with the thermocouple must be considered. Therefore, a com- 
promise must be made in selecting the distance from the inlet to station 
2. For the range of conditions and probe design (fig. 5) herein reported, 
a fixed location of 80 tube diameters from the inlet was chosen as a 
compromise. The axial temperature profile along the centerline of the 
tube was measured by moving the thermocouple insert. Figure 6(a) shows 
the result of a typical test of this type and indicates the sensitivity 
to axial positioning. 

Radial location of thermocouple . - At an axial position of 80 diam- 
eters from the inlet, the thermocouple junction was displaced r adially 
from the centerline. The resultant radial temperature profile in the 
tube is shown in figure 6(b) . 
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Choice of temperature measurement to represent Ty. In correlation 
parameter . - As presented In theory, T^. is the temperature rtf the Imur r 
waLl of the center l/ 4- inch-diameter tube . . Assuming that the temper- " 
ature drop across the vail of the tube is negligible, it is reasonable 
that Ey. can be represented by measurement of coolant temperature . A 

series of tests was therefore performed in the hlgh-temperature range, 
and measurements were made of cooling-water Inlet and outlet temperature 
and of temperature rise in the inner and outer cooling annuli. These 
tests indicated that the coolant temperature rise in the inner passage 
was small and could be neglected for correlation purposes; thus, coolant- 
inlet temperature T^ could be used to represent T^. 

In one of the above-mentioned tests the normal coolant-flow rate was 
decreased as much as possible without damaging the probe. The coolant 
inlet temperature was fixed, and the coolant temperature rise through 
the probe increased by a factor of three. During this time the thermo- 
couple Insert measurement Tg remai n ed constant, thus establishing the 
fact that, even under the most marginal coolant flows, Tw would repre- 
sent as a correlation parameter. 

Effect of aspiration rate . - As previously indicated, this probe 
depends on aspiration for its operation and includes a critical-flow 
section at station 3 (fig. 2). This design feature was incorporated for 
convenience in determining the mass-flow rate and the Reynolds number in 
the inner tube. It also conveniently controls the flow in the tube so 
that the correlation is independent of free- stream Mach number. This is 
advantageous because in many applications only approximate values of 
flow conditions are known. 

The result^ of a test to establish the effect of aspiration rate 
on the thermocouple insert Indication are presented in figure 6(c). A 
pressure ratio of approximately 0.5 is required to maintain critical 
flow at the nozzle portion of the thermocouple insert. It is seen from 
the figure that at least this critical pressure ratio should be main- 
tained .across the probe to ensure a constant probe indication. 

An interestin g result is that with the aspiration shut off, the 
thermocouple Tg will indicate 
operation when using the probe in a hot gas; that is, with the aspira- 
tion off, the thermocouple insert will yield cooling-water temperature 
Tfl and the p 4 tap will measure total pressure Pq. with aspira- 

tion on, a measurement of Tg will complete the measurements required 
to obtain total temperature ■ Ko independent measurements of cooling- 
water temperature or total pressure are required if time is available to 
operate -the probe in thi s manner. These remarks apply to both subsonic 
and supersonic streams, where for the supersonic case Pq would he the 
total pressure behind the normal shock formed by the probe. 


Typ This leads to a simple mode of 
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Pressure drop In tube . - To verify the assumption of negligible 
pressure drop within the l/ 4- inch tube, tests were performed at both 
ambient- and high- temperature conditions with a total-pressure tube re- 
placing the thermocouple insert. With the sensing end of the total- 
pressure tube located at the normal axial position of the thermocouple 
junction, a constant total-pressure loss of 4 percent of stream total 
pressure was obt aine d. Because of the fact that the percentage pressure 
drop was constant, a correlation Reynolds number evaluated at station 2 
(fig- 2) was based on Pq instead of Pg- This simplified the probe 

design and operation in that it was not necessary to have an internal 
total-pressure measurement at station 2. 

Cooling-water flow rate . - Figure 7 presents variation of water- 
flaw rate with variation of water pressure drop across the probe. About 
1.6 gallons per minute are passed with a pressure drop of 50 pounds per 
square inch. 


Final Tests 

Using the results obtained from the preliminary tests, a cooled- 
gas pyrometer was tested at both ambient and high temperatures with Hie 
thermocouple Junction located 80 tube diameters downstream of the probe 
entrance. Room- temperature measurements were made in a total-pressure 
range from 0.1 to 2.5 atmospheres. High- temperature measurements ranged 
from 2000° to 4000° R with the total pressure ranging from 0.8 to 1.5 
atmospheres. Free-streem Mach numbers for all measur e men t s were sub- 
sonic and ranged from 0.1 to 1.0. 

The correlation for the final probe configuration is shown in fig- 
ure 8, with the abscissa plotted both in terms of Reynolds number and 
in terms of parameters in working equation (14) that are proportional 
to Reynolds number. 

Both room- and high-temperature testa are included in figure 8, 
with 35 percent of the 118 data points in the 2000° to 4000° R range. 

For conv eni ence, two straight lines, computed by the method of least 
squares, have been drawn through the data, with equal weight assigned 
to both room- and high-temperature points. Hie data fall within a hand 
of ±2 percent in (Tq - T^) , the probable error of a single observation 
being ±1 percent. The slope of the main portion of the curve is -0.348; 
above a Reynolds n umb er of 27,000 the slope is -0.160. The range of 
Reynolds numbers covered in testing the cooled-gas' pyrometer is not com- 
plete eno u gh to establish the slope at lower Reynolds numbers , but it 
is reasonable to assume that the slope will change when flow Inside the 
tube is completely laminar. Therefore, the extrapolation of figure 8 to 
lower Reynolds n umb ers is questionable because of the uncertainty of the 
tr ans ition to laminar flow. 
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Two other pyrometers, made from the same drawing as that of figure 
5, were also tested. The results are presented as the dashed lines of 
figure 8. Although the correlation curves of the three probes are sim- 
ilar in shape and in their probable errors, the slopes are slightly dif- 
ferent and the curves are displaced by amounts up to 15 percent of 
(Tq - T-^) . Geometry factors that may produce these differences are as 

follows.: 

(1) Differences in tube diameter 

(2) Variation in tube diameter and cross-sectional shape 

(3) Differences in size and shape of nozzle portion of thermocouple 
insert 

(4) Varying surface roughness inside tube 

From these considerations it would be difficult if not impractical 
to control the fabrication to the point where reproducible results would 
be obtained between probes. Therefore, it is advisable to obtain the 
correlation curve by individual calibration. * 


CONCLUDING REMARKS 

A pyrometer whose principle of operation is based on measurements 
of the controlled cooling of a continuously aspirated sample of gas has 
been described and evaluated. Such an instrument is of use in making 
local temperature me asurements above the usual range attributed to 
thermocouples . 

Probe correlation curves obtained from both room-temperature and 
high-temperature evaluations showed agreement within .±2 percent, which 
was the same as the order of accuracy of the high -temperature comparison 
instruments used to establish stream total. temperature. 

The operation of the probe is relatively simple, and the correla- 
tion is independent of free-stream Mach number. However, the accuracy 
depends directly on the knowledge of gas properties, and the probe must 
initially be calibrated. In applications where the gas properties are 
not known accurately enough to establish acceptable absolute measure- 
ments, the instr ume nts may still be used for temperature profile 
measurements . 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, August 8, 1958 
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APPENDIX A 
SYMBOLS 

A cross-sectional flow area 

C a constant 

discharge coefficient 
Cp specific heat at constant pressure 

D inside diameter of aspirated tube 

G mass -flow rate per unit area 

h convective heat-transfer coefficient 

l axial distance from tube inlet to measuring station 

M molecular weight 

m mass-flow rate 

P total pressure 

Pr Prandtl number 

p static pressure 

R universal gas constant 

Re Reynolds number 

Re c internal Reynolds number with viscosity evaluated at T c 

Re-p internal Reynolds number with viscosity evaluated at 

St Stanton number 

T total gas temperature in center of tube at any axial position x 

T-jj gas bulk temperature in tube 

T c gas t emp erature in center of tube at measuring station x = l 

gas film temperature , 


2 



14 

T W 

*w 

T 0 

T 2 

x 

r 

M- 

^c 

^f 

n 2 

Probe 

0 

1 

2 

3 
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temperature of Inlet cooling water 
temperature of Inside tube wall 
total gas temperature of free stream 

gas temperature in center of tube as indicated by thermocouple 
inserted at measuring station 2 

axial distance from tube entrance 

ratio of specific heats 

viscosity 

viscosity evaluated at T c 
viscosity evaluated at 
reference viscosity (air at 1000° R) 
viscosity evaluated at Tg 
station notation: 
free stream 
tube entrance 

Internal measuring station 
critical-flow section 
pressure-tap position 
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APPENDIX B 

FACTORS CONTRIBUTING TO DEVIATIONS NOT 


EXPLICIT IN WORKING EQUATION 
A more rigorous statement of equation (l4) would be 



Radiation Effect 

The indicated thermocouple temperature Tg will not be equal to 
T c when Tg > because of a radiation loss from the thermocouple 
junction to the cold walls. A radiation correction factor can be 

defined such that 


T c = Tg(l + Gg) 


(B2) 


Viscosity Effect 

The viscosity at the measuring station should be evaluated at 

the corrected temperature T c instead of at T 2 - The viscosity correc- 
tion factor will be defined so that 

p c = p 2 (l + (B3) 


Temperature-Profile Effect 

The temperature T c will not represent bulk temperature T^ when 
a temperature profile exists in the tube; therefore., a relation for these 
two terms must be established. Thus, will be defined so that 

T b = T c (l - % ) (B4) 


Nozzle-Area Effect 


When the tapered body that forms the critical- flow area is heated, 
the critical-flow area .hot Agg will be less than the critical-flow 
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area cold A^; the relation "between areas and this correction factor 
e n can he defined so that 


tsc 

^3H 


= 1 + e r 


(B5) 


Total Correction . 

If the preceding corrections are substituted in equation (Bl) , and 
the magnitudes of e^, e^, e n are assumed to he much less than 

1, the result is 



Evaluation of Correction Factors 


Radiation . - The radiation correction for a spike -type thermocouple 
is approximately one-third greater than that for a hare-wire crossflow 
prohe : 


% “ °* 036 £ ca 





(B7) 


where the gas is air. 


For the prohe design herein reported, the Mach number in the 


tube is about 0. 
emittance £q^ 


2, the wire diameter d is 0.020 inch, and the average 
of the Chromel-Alumel wire can he taken as 0.75. In- 


troducing these values into equation (B7), 


% 




(B8) 


where Pq is in atmospheres. 
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Bulk temperature . - For fully developed turbulent flow, reference 8 
implies the following expression for the relation between bulk temper- 
ature T-^ and the temperature in the center of the tube T c : 







(B9) 


Substituting this equation into equation (B4) and solving for 


% 8 ive 


€ b 


0.18 



0.18 


*2 ~ \ 
To 


(BIO) 


Hozzle expansion . - The relation for the critical-flow area 
when the tapered plug is at elevated temperature Tg and the area A-^ 
when the plug is at the cold-wall temperature T^. is given by 


A 3H “ A 3C 


25 “ T* 2 " Tw) 


(Bll) 


where & is the coefficient of linear expansion of the plug material. 


Substituting equation (Bll) into equation (B5) yields 


Sa = 



1 (?2 - Tj 


(B12) 


Viscosity . - Since the viscosities of most gases are functions of 
the gas temperature to approximately the 0.7 power, e may be expressed 
as 


e 


V- 


»0.7 % 


(B13) 



18 


NACA TN 4383 


APPENDIX C 
SAMPLE CALCULATIONS 

As an example, assume that a temperature measurement is to he made 
in a flow system using high-temperature air. The correlation curve for 
the probe to be used will be represented by the lower curve of figure 8. 
This curve can be identified by two straight lines, over the range of 
Reynolds numbers shown, so that 



Range I 

Range II 

Re 2 

6,000-27,000 

27,000-60,000 


0.348 

0.160 

Intercept 

1.57 

1.045 

Constant 

1.24 

0.825 


where the value of the constant (eq.. (14) ) is found from 

C = Intercept x Pr 2 / 3 

with the correlation gas Prandtl number being 0.7. 

The primary measurements taken with the probe will be assumed to be 
as follows: 


Pq = 1.5 atm 
T w = 520° R 
T 2 = 1620° R 

The property values of the gas at temperature Tg are 

r = 1.34 ... 

Pr = 0.70 
M = 29 

p 2 = 0.815*10”® lb- sec/ sq ft 
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CO 


The following correlation parameters are then evaluated: 


f(M/r) from nomogram (fig. 3) 3.6 

V-z/v r 1,36 


where n r is a reference viscosity (air at 1000° R). Therefore, 



3.6 


1.5 


1.36-/T762 y 


M 

0 

a 

< a . 

to 

1 

O 


= 3.13 

This quantity is the value of the abscissa for the curve (fig. 8) 
which corresponds to that range of the curve where 

aq — 0.348 

C = 1.24 


The slope is equal to a^, and the constant C is the probe con- 
stant in the working equation (14) so that 


In 


T o ~ V 

T 2 - V 


» C x Pr 


-2/3 


jf(M,r)J 


- a i 


r 0 



" a l 


- Cl . 24 K 0 . 7 )- 2 / 3 C 3 . 6)-°' 348 ( i ~ L _\: 0 ' 348 

V 1.36-/I762/ 


» 1.055 


Therefore, 


T o - V 
, T 2 ■ V 


2.87 


T Q « 2.87(1620 - 520) + 520 
~ 3680° R 


A more rigorous relation for calculating Tq appears in appendix 

B, in which several factors are added to equation (14) and appear as 
correction factors in equation (B6) . 
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Evaluation of these terms as applied to the sample case is as fol- 
lows : From equation (B8) , 

0.0087 . .2.82 I- ( 52py 

e R VH (1 ‘ 62) [ X “ \1620/ _ 

« 0.0277 

From (BIO ) , 

_ _ « ,n/l62 0 - 520\ 

s t o ’ u ns — j 

* 0.122 


From (B12 ) , 


e n = 2(7.0*10" 6 )(2.75 - l)(l620 - 520) 
= 0.027 


From (B13 ) , 


From figure 1, 


By definition. 


v ~ 0 - 7 % 

W (0.7) (0.0277) 
« 0.0194 


a = 1.69XL0" 4 


*2 - *w 



1620 - 520 


(1.36) 
1100 


0.348 


1.113 
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The ref or e. 


ccj3 ~ 0.187 


and 


ijr « In 


T 0 ” TfA 

*2 - \) 


» 1.055 


previously evaluated from the general working equation (14) . Therefore, 
from figure 4, 


i = -0.024 

Substituting the calculated values in equation (B6) yields 


In 


( if = 1'OS5{1.00\+ 0.041 - 0.024 


Therefore, 


= 1.072 


T 0 - *w 
*2 


= 2.92 


T n = 2.92(1620 - 520) + 520 


= 3730 u R 


Therefore, for the given sample computation the difference between 
a solution using equation (14) and one using equation (B6) would be 1.3 
percent. This difference of 1.3 percent, however, should not be taken 
to Imply a small magnitude in the total correction for all cases. In 
general, the significant terms in the correction factors will be the last 
two terms in equation (B6) . 
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Figure 5* - Probe details 
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Axial distance of thermocouple from inlet of tube. in. 


Length-diameter ratio, lj D 

(a) Variation of axial location of thermocouple. Total temperature 
2730° R: total pressure, 1.16 atmospheres. 


Figure 6. - Variation of probe indication -with change in axial or 
radial location of thermocouple or aspiration rate. Water temper 
ature, 500° R. 
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(b) Variation of radial location of thermocouple. Total 
temperature, 2850° R; total pressure, 0.94 atmosphere. 


Figure 6. - Continued. Variation of probe indication with 
change in axial or radial location of thermocouple or as- 
piration rate. Water temperature, 500° R. 
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1.0 .9 .8 .7 .6 .5 .4 .3 .2 

Pressure ratio across probe, p^/p^ 


(c) Variation of aspiration rate. Total temperature, 3070° Rj total pressure, 
1.11 atmospheres . 

Figure 6. - Concluded. Variation of probe indication with change in axial or 
radial location of thermocouple or aspiration rate. Water temperature, 500° R. 
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Figure 8. - Correlation ourre. 
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